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Abstract

The growing number of connected vehicles has led to an increased focus on Vehicle-to-Everything (V2X) com-
munication in the field of transport research. This communication paradigm facilitates cooperation between vehi-
cles and infrastructure to address traffic challenges such as efficiency, sustainability and safety. The development
and standardisation of such Cooperative Intelligent Transport Systems (C-ITS) has been pursued in several projects.
Beyond technical considerations, assessing the effect of these applications in terms of various impact categories

is of paramount importance. However, existing research tends to examine impact categories such as efficiency,
sustainability, safety, psychological or socioeconomic impacts separately, often overlooking potential interactions
and interdependencies. This approach is inadequate as impacts on one category can have both cascading effects
on others and rebound effects. To address this gap, this paper proposes a system dynamics approach using Causal
Loop Diagrams (CLD) to illustrate the interconnectedness of impact categories and the potential impacts of C-ITS
services. By depicting general relationships, interdependencies and feedback loops between impact category ele-
ments, the model accommodates the introduction of single or multiple C-ITS services as separate modules, allowing
an analysis of their combined effects on the overall system. To this end, two use cases demonstrate the applicability
of the developed CLD and illustrate some of the multiple interrelations between the effects of C-ITS services. The
results of this paper support road operators and researchers when setting up the impact assessment of C-ITS services
by revealing the dynamic and intertwined nature of different impact categories.

Keywords Cooperative intelligent transport system, C-ITS, CCAM, Impact assessment, System-dynamics, Causal loop
diagram

1 Introduction infrastructure elements, pedestrians) [1]. It is estimated

In recent years, the integration of advanced sensors
and Information and Communication Technology
(ICT) capabilities in cars has led to the proliferation
of connected vehicles, facilitating data collection and
communication between traffic entities (e.g. vehicles,
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that the number of connected vehicles in Europe will
exceed 100 million by the end of 2023, which represents
a great opportunity for the use of these technologies
to address various traffic-related challenges [2, 3]. For
example, the growing number of vehicles on the road
has led to increased congestion, longer travel times and
higher emissions, making road transport the largest
contributor to global greenhouse gas emissions [4, 5].
In addition, road safety remains a major concern. Acci-
dents can result not only in financial losses, but also in
serious or fatal injuries [6]. In response to these chal-
lenges, Cooperative Intelligent Transportation Systems
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(C-ITS) have emerged as a promising solution. They
harness the potential of Vehicle-to-Vehicle (V2V) and
Vehicle-to-Infrastructure (V2I) communication, pro-
viding services that are expected to improve the traffic
system and promote aspects such as sustainability and
safety [3].

The growing importance of V2X (Vehicle-to-Every-
thing) communication has resulted in the definition of
several services (e.g. Road-Works-Warning, Hazardous-
Location-Notification) within various initiatives (e.g.
C-Roads, Car2Car-Communication Consortium) [7—14].
The integration of such C-ITS services into the traffic
system has the potential to improve traffic management,
foster sustainable mobility solutions, and significantly
enhance road safety [3, 15].

However, a deployment of C-ITS requires a prior
comprehensive impact assessment to evaluate not
only their functionality but also their expected effects
to support taking informed (investment) decisions.
Impact assessment refers to the process of identifying
the future consequences of a current or planned action,
such as the introduction of a specific C-ITS service,
on various impact categories. These impact categories
encompass the effects that are subject to assessment
and intend to reflect the essential characteristics of the
subject under consideration [16]. In the field of Intel-
ligent Transportation Systems (ITS), crucial impact
categories include traffic efficiency, safety, and sustain-
ability [3, 15]. However, based on a comprehensive lit-
erature review it can be derived that prevailing research
endeavors primarily focus on these impact categories
in isolation, overlooking potential interactions, fol-
low-up impacts and rebound effects [17]. Merely [18]
propose a high-level evaluation framework for analys-
ing both the direct and indirect effects of automation
in road transport. Additionally, [19] present workshop
results and subsequent efforts towards developing a
high-level consensus framework for understanding the
impacts of automated vehicle deployment. However,
the current body of literature lacks a thorough exami-
nation of the interrelationships, follow-up effects, and
rebound effects of impact variables related to C-ITS
across different impact categories. Thereby, follow-up
or consequential effects refer to subsequent or second-
ary consequences that occur as a result of an action,
leading to positive or negative changes in other areas
of a system. In contrast, rebound effects refer to a sit-
uation where efforts to increase certain aspects of a
system lead to unintended consequences, partially or
fully offsetting the intended gains. For impact assess-
ment of C-ITS, it is imperative to consider traffic as a
dynamic system which not only has straightforward
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unidirectional effects, but also consequential and
rebound effects.

For instance, while improving road safety through
C-ITS might directly lead to a reduction in accidents,
it can also have indirect impacts on traffic efficiency.
Fewer accidents and smoother traffic flow resulting
from enhanced road safety measures can alleviate con-
gestion and reduce delays. Similarly, addressing traf-
fic efficiency can contribute to sustainability goals by
decreasing travel times, minimizing stop-and-go traffic,
and reducing fuel consumption, ultimately leading to a
decrease in emissions. However, traffic efficiency is two-
fold, as increased traffic efficiency can also attract more
traffic or allow higher speeds, leading to higher fuel
consumption and emissions. Therefore, acknowledging
and understanding the intricate relationships between
different impact categories is essential for maximizing
the benefits of C-ITS and achieving a safer, more effi-
cient, and sustainable future for transportation.

To bridge this knowledge gap and provide an under-
standing of the multifaceted impacts of C-ITS, this
study aims at an in-depth analysis of various impact
categories and their interrelations. As a result, this
work aids researchers in the preparation of detailed
impact assessment studies by incorporating the poten-
tial impact propagation and rebound effects depicted
in the Causal Loop Diagram (CLD), and identifying
relevant aspects for analysis in advance. Regarding the
result representation and application, the following
research questions will be addressed:

RQI: How can the impact of C-ITS services,
including the interrelations, follow-up effects and
rebound effects of single or multiple C-ITS services,
be modelled using a system dynamics approach?

RQ2: How can the developed Causal Loop Dia-
gram be applied to reveal the interrelations
between impact categories of C-ITS services in spe-
cific use cases?

This document is structured as follows. Section 2
describes the methodology and process used to build
the system model. Section 3.1 describes the step-by-step
development of a CLD, which illustrates the interdepend-
encies, follow-up effects and rebound effects of the C-ITS
impact categories, with the final CLD being illustrated
in Sect. 3.2 (see RQ1). Based on the developed system
model, Sect. 3.3 introduces C-ITS services and service
bundles to illustrate the potential of the developed model
for qualitative C-ITS impact assessment (see RQ2). Sec-
tion 4 closes with concluding remarks.
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2 Methodology
In this work, the methodology of CLDs was used to

investigate the interdependencies between C-ITS
impact categories. CLDs are graphical tools for rep-
resenting, analysing, and comprehending system

dynamics. They visually depict system variables inter-
connected by arrows, denoting cause-and-effect
relationships along with the polarities (+) between
variables, and identify feedback loops that either rein-
force or stabilise system behavior [20]. Their visual
representation enhances understanding of intricate
dynamics within a system, capturing feedback loops
and interconnected elements, thereby fostering a holis-
tic comprehension. Notably, these diagrams contribute
to effective communication, and to facilitate shared
understanding among stakeholders. Furthermore, they
aid decision-making processes by enabling users to vis-
ualise potential consequences of interventions and pol-
icies while considering the dynamic nature of a system.
Nevertheless, it is crucial to acknowledge potential
risks, such as oversimplification, as CLDs may not fully
encapsulate the complexities of real-world systems.
The subjectivity involved in identifying causal relation-
ships introduces the possibility of bias, and the static
nature of CLDs may restrict their accuracy in reflect-
ing real-time dynamics. Additionally, CLDs exhibit lim-
ited predictive power, prioritizing qualitative aspects of
relationships rather than precise forecasting of specific
outcomes [21].

In sum, CLDs are a suitable method to visually rep-
resent complex causal relationships, facilitating a
comprehensive understanding of system dynamics
and effectively highlighting potential areas of impact
and feedback loops for focused analysis. Therefore, in
this paper, CLDs are used to model the impact propa-
gation of C-ITS and to visualise potential feedback
effects. Thereby, the developed CLDs can be used not
only to analyse the impact propagation of one specific
C-ITS service, but to examine different services as
well as combinations of services. In this endeavor, the

\\ Step 3

Step 2
\ Step 2

following steps were taken (for the detailed methodo-
logical procedure see Fig. 1):

1. Development of a system model in the form of a
CLD that illustrates the potential impact variables of
C-ITS as well as their system dynamics (reciprocities,
consequential effects, rebound effects).

2. Introduction of single or multiple C-ITS services as
interchangeable modules and determination of their
primary connections on the system model’s variables
(direct impact on variables).

3. Discussion of impact propagation of the introduced
C-ITS services on the modelled overall system, tak-
ing into account follow-up and rebound effects.

The basis of this work is a literature review on C-ITS
impact assessment, based on which a list of potential var-
iables was created and classified by impact category [17].
Similarly, the links and polarities between variables were
defined based on the literature. Intermediate results were
periodically discussed and validated through discussions
with four additional domain experts to address model
bias. After identifying the resulting feedback loops, the
baseline CLD was finalised (see Sects. 3.1 and 3.2). This
can then be used to analyse the impact propagation of
different C-ITS services by introducing them into the
system model and defining the connections to relevant
variables (see Sect. 3.3).

While the first step is performed only once to create
the CLD (apart from possible future extensions), step two
and three can be applied as often as required. Due to the
high generality of the modelled system, C-ITS services
can be inserted or replaced in the CLD in a modular way.

3 Results and discussion

3.1 Development of the baseline causal loop diagram

In this section, the development process of the CLD is
outlined. The objective was to establish a general model
representing the traffic system, encompassing related
consequences, such as follow-up effects and rebound
effects. This endeavor is particularly oriented towards its
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applicability in assessing various C-ITS services and their
combinations. The foundation for this development relies
on the list of variables categorised by their impact (see
Appendix 6), which is based on a comprehensive litera-
ture review [17]. However, the investigation of interde-
pendencies amid the distinct impact categories requires
a preliminary modeling of traffic behaviour itself. This is
imperative, since changes in the variables of individual
categories arise (in)directly from shifts in traffic behav-
iour. Hence, the relationship of traffic flow, speed, and
density (represented as the fundamental diagram) serves
as the basis for the CLD development.

Fundamental diagram of traffic flow

There are various methods of explaining speed-density
relationships in traffic flow theory literature [22]. Speed
can generally be described as a function of free flow
speed and density. For example, in Greenshield’s equa-
tion [23], this is described as

vV=1vy—cp (1)

where v indicates the velocity, vy represents the freeflow
speed (desired speed) and p indicates traffic density. The
variable ¢ in Greenshield’s equation is a constant, repre-
senting the velocity decrease per density increase (differ-
ence ratio).

Greenshield’s equation describes the relation between
traffic speed and density as a linear function. Another,
nonlinear approach was described in Drake’s Fundamen-
tal Diagram [24].

_lopy2
Vv = vpe 2(%0) (2)
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In Eq. 2 there is an additional variable p., indicating the
critical density (density with the highest possible traffic
flow).

Furthermore, traffic flow can be derived from speed
and density, using

q=pv (3)

Based on Eq. 3, one would infer that g increases with
both increasing p and v. However, since p is also a vari-
able influencing v a change in p not only directly, but also
indirectly influences g via v. This becomes evident when
Eq. 2 is inserted into Eq. 3, leading to

1 2
q= pvoeff(%) (4)

An example of the resulting behaviour can be observed
in Fig. 2.

According to the considerations in the fundamental
diagram, the speed is dependent on the critical traffic
density and the desired speed. The higher both values
are, the higher speeds can be achieved. At the same time,
a change in traffic density leads to a change in speed.
Both, higher speeds and higher traffic densities lead to a
higher traffic flow. However, the additional dependence
of speed on traffic density leads to a saturation point at
the critical traffic density (see Fig. 2). Furthermore, as
traffic density is measured as the number of vehicles per
unit space, it can be inferred that an increase in traffic
volume, assuming unchanged space, leads to an increase
in density. Considering the relationships described, the
CLD as illustrated in Fig. 3 can be derived.

Based on this model, the other variables of different
impact categories were included in the CLD.
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Traffic efficiency

In addition to the variables associated with the funda-
mental diagram, there are other aspects in the area of
traffic efficiency that influence traffic behaviour. For
example, the free-flow speed (desired speed) is influ-
enced by the given speed limit, the general tendency of
the driver to exceed said speed limit, and by physical
limits (e.g. curve radius, gradient, engine power, vehicle
mass, weather and road conditions) [25]. Higher speeds
result in shorter travel times, while lower speeds lengthen
the duration of travel, assuming constant travel distances.
Consequently, speeds lower than the freeflow speed and
thus longer travel times are associated with delays.

Additionally, longer delays often prompt drivers to
consider alternative routes (i.e. choosing a different route
option to get from A to B or consolidating activities to
avoid additional trips) to bypass congestion and mini-
mise delays. Furthermore, as delay increases, the appeal
of public transport options grows. Consequently, there is
a positive correlation between travel time, delay and both
the number of alternative routes taken and the attrac-
tiveness of public transport. If public transport becomes
more attractive and more alternative routes are chosen,
the volume of traffic decreases or - depending on the
trend of traffic volume development - increases slower
(e.g. if traffic growth is faster than traffic shift) [26—28]
(see B2/3 in Fig. 4).

With higher traffic density, the number of stop-and-go
movements also tends to rise [29]. This indicates that as
traffic becomes more congested and vehicles experience
frequent stops and starts, the occurrence of acceleration
and deceleration maneuvers intensifies [30].

However, a greater frequency of speed adaptions
adversely affects speed homogeneity [31]. When vehicles
on the road frequently accelerate or brake, the uniform-
ity of speeds among vehicles diminishes. Conversely,
decreased speed homogeneity again leads to a higher
need for speed adaptions [31] (see R1 in Fig. 4). High
speed variations also lead to greater strengh of accelera-
tion and deceleration, which is necessary to compensate
for the speed differences, and avoid critical situations.
In turn, however, heavy acceleration and braking can
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generate shock waves in traffic, reducing the homogene-
ity of speed [25, 32] (see R2 in Fig. 4). Moreover, when
vehicles of different types dominate the traffic mix, the
uniformity of speeds is reduced (in case the given speed
limit is not far from the maximum attainable or allowed
speed of the vehicle types in place) [33, 34]. Low speed
homogeneity also exerts an influence on the number of
lane changes, as vehicles moving at different speeds are
more likely to switch lanes [33].

Psychological impact

Both number and strength of accelerations and decel-
erations can be reduced by an increase in driver antici-
pation, as predicting road conditions and driving with
foresight leads to smoother driving patterns [29].

Furthermore, errors in predicting the outcomes of
actions may lead to lower speed homogeneity, and there-
fore to a need for maneuvers to compensate for perceived
discrepancies. Similarly, action execution errors are
inversely linked to the speed homogeneity, as mistakes
during the execution of intended actions fosters vari-
ations in traffic speed, resulting in a need for further or
stronger velocity adaptions. Moreover, errors in accu-
rately perceiving distances lead to higher speed variations
[29].

The reaction time is also an influential factor that
affects the uniformity of speed, as the more time it takes
to react to a situation, the greater the difference in speed
between vehicles [25, 35, 36]. Reaction time is again influ-
enced by further variables. For example, the technical
response time has an effect on reaction time, as quicker
technological responses can shorten the time taken by
drivers to initiate a maneuver [25]. Moreover, action time
and mental processing time influence reaction time, with
the latter being again influenced by the sensation time,
perception time, situation awareness time and decision
time [25, 37]. Furthermore, adverse weather conditions
(e.g. precipitation) can affect drivers’ sensation time by
reducing visibility, leading to increased sensory load and
potentially slower response to stimuli [38, 39].

Additionally, when drivers are more alert, their cogni-
tive and physiological responses improve, resulting in
shorter reaction times and subsequently improving speed
homogeneity [40].

Figure 5 illustrates the described interrelations in the
form of a CLD and also depicts interrelations with exter-
nal variables of other categories.

Traffic safety

Psychological impact variables also influence aspects in
the area of traffic safety. For example, the reaction time
of drivers directly affects their reaction distance. Simi-
larly, higher speeds result in longer distances needed to
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respond to a situation [25]. Furthermore, reaction dis-
tance contributes to determining the minimum safety
distance between vehicles, as longer distances require a
larger safety buffer to ensure sufficient space for braking
and preventing collisions. Therefore, it can be inferred
that a larger reaction distance translates to a larger mini-
mum safety distance [25].

Furthermore, driver alertness affects various safety
related issues, such as driving errors (number of edge-
line crossings, frequency of strong steering wheel
movements etc.) [40, 41]. These generally increase the
risk of accidents and are therefore positively correlated
with the number of accidents. Moreover, maintaining a
proper safety distance, making fewer lane changes, and
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adhering to speed limits contribute to reduced acci-
dent frequencies [40—42]. Furthermore, driver alertness
plays a role in reducing accident severity. More alert
drivers tend to experience less severe accidents due to
their heightened responsiveness and better decision-
making [43]. Additionally, adverse weather conditions
(e.g. precipitation) increase the likelihood of accidents
and potentially amplify their severity [42].

As accidents occur and traffic flow is disrupted,
road capacity can diminish due to congestion and lane
closures, affecting the overall efficiency of the road
network [44]. An illustration of the described interre-
lations including external connections to variables of
other impact categories can be found in Fig. 6.
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Ecological impact

Changes in road safety variables have an impact on the
area of ecological impact, among others. For example, the
deteriorating condition of the road surface can contrib-
ute to a higher number of accidents, particularly when
road wear leads to decreased traction or hazardous con-
ditions [45]. Furthermore, road wear after some time
requires maintenance to preserve road quality, again mit-
igating the effects of road wear (see B7 in Fig. 7), helping
to sustain the road’s structural integrity [46]. Moreover,
heavier vehicles exert more pressure on the road surface,
accelerating its deterioration. Similarly, the road surface
is subjected to greater stress due to higher traffic volumes
(47, 48].

Road maintenance is also linked to the number of
road works aimed at repairing or enhancing road infra-
structure [46]. Higher traffic volumes may prompt road
authorities to adapt the road structure to accommodate
the increased load, such as widening lanes, adding extra
lanes or building new roads. This adaptation positively
influences road capacity [26—28]. In turn, however, this
also leads to an increased number of road works, tempo-
rarily decreasing road capacity [44].

Road wear is also related to fuel consumption. Ele-
vated road wear leads to higher rolling resistance, which
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requires vehicles to expend more energy to generate and
maintain their speed. This translates into vehicles con-
suming more fuel to overcome the added resistance [45,
46]. Fuel consumption is influenced by various factors
related to vehicle operation. The number and strength of
acceleration and deceleration maneuvers both contribute
to increased fuel consumption, since these behaviours
require more energy to propel the vehicle forward [25].
Air drag is another determinant of fuel consumption. As
speed increases, air drag intensifies, requiring more fuel
to overcome this resistance [49-51]. Moreover, the mini-
mum safety distance between vehicles contributes to air
drag, since maintaining a shorter distance between vehi-
cles reduces the air drag due to slipstream effects [49, 50].

Fuel consumption, in turn, contributes to emissions
[46]. The combustion of fuel in vehicles leads to the
release of pollutants and greenhouse gases, impacting
environmental quality. The number of road works, the
percentage of heavy-duty vehicles as well as the general
traffic volume are additional contributors to emissions
[46, 52, 53].

An illustration of the described interrelations including
external connections to variables of other impact catego-
ries can be found in Fig. 7.
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Socioeconomic impact
The described impacts of the individual categories all
lead to socioeconomic impacts in the long run. For exam-
ple, increased emissions, injuries, and fatalities contrib-
ute to a decline in public health indicators, emphasizing
the overarching impact of traffic-related incidents on the
well-being of society [54, 55]. Both injuries and fatalities
are influenced by the number and severity of accidents,
as higher accident rates and severities correspond to an
increased likelihood of injuries and fatalities occurring
within the traffic system [56, 57]. Furthermore, elevated
noise levels are associated with negative health implica-
tions [54, 58]. Noise level, in turn, is being moderated
by several factors. Deteriorated road surfaces and road
works as well as heavy vehicles, high traffic volumes, and
elevated speeds collectively contribute to higher noise
levels in the surrounding environment [45, 59-63].
Moreover, driver satisfaction is a key factor in the social
impact of ITS, and is also being influenced by multiple
aspects. Delay has a negative effect on driver satisfac-
tion, as prolonged travel times diminish the overall travel
experience [64]. Furthermore, improved driver comfort,
achieved through factors such as reduced frequency and

Maintained Safety
+ Distance

+
Number of -
Edge-Line
Crossings
Frequency of Strong Steering
Wheel Movements \

Driver Alertness

-~

severity of acceleration and deceleration maneuvers and
damage-free road infrastructure, has a positive impact on
overall driver satisfaction [45, 65-69].

The impact of ITS services can also be quantified in
terms of external costs of transport, either directly or
indirectly through follow-up effects, and an economic
impact can be derived. A detailed description of these
costs and their scope in terms of content can be found
in [70]. For example, more severe accidents, increased
accident frequencies, and higher numbers of injuries
collectively elevate the financial costs associated with
accidents (e.g. material costs, medical costs). Altered
road structures and increased emissions can negatively
impact local habitats (e.g. habitat damage and/or frag-
mentation, loss of biodiversity). Emissions also con-
tribute to air pollution costs and climate change costs
(e.g. medical expenses due to higher risks of respiratory
and cardiovascular diseases or heat stress, crop losses,
water management issues). Fuel consumption adds to
fuel costs as it directly affects the expenses of procuring
fuel. And lastly, increased congestion generates costs
associated with delays (e.g. value of time, decreased
productivity).
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The combined impact of these externalised costs
of road transport places a significant financial burden
on society. These costs are often hidden or dispersed,
making them challenging to quantify and allocate accu-
rately. However, governments, communities, and insti-
tutions must allocate resources to address these costs,
leading to increased public spending, reduced eco-
nomic productivity, and an overall lower quality of life
for individuals.

An illustration of the described interrelations includ-
ing external connections to variables of other impact
categories can be found in Fig. 8.

3.2 Baseline causal loop diagram

Combining the CLDs of the individual impact catego-
ries created in Sect. 3, the diagram illustrated in Fig. 9
is obtained, which summarises the intricate interactions
and interdependencies of different road traffic aspects in
one model. A detailed description of the definitions of
the impact categories and variables, as well as a descrip-
tion of the connections, polarities and the feedback loops
can be found in the appendix.

3.3 CLD-based impact assessment of C-ITS services
The baseline CLD can be used as a basis for qualitative
analysis of interactions between the individual impact
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categories. In this section, the applicability of the CLD is
illustrated by two examples, where Use Case I examines
a single C-ITS service and Use Case II analyses several
C-ITS services simultaneously.

Use Case I: Single C-ITS service

Use Case I focuses on the analysis of the “In-Lane Offset
Recommendation and Control” service, a C-ITS applica-
tion developed within the ESRIUM project [71]. This ser-
vice works by sending targeted instructions, particularly
to heavy-duty vehicles, recommending to adjust their
lateral position by a marginal amount within their des-
ignated lane, typically a few centimetres. The main pur-
pose of this service is to reduce road wear by promoting a
more even distribution of vehicle loads. A detailed expla-
nation can be found in [72].

Incorporating this C-ITS Service into the baseline
CLD, the model according to Fig. 10 emerges.

The phenomenon of road wear comprises several intri-
cate relationships within the wider traffic system, as illus-
trated in the CLD. Examining the impact of road wear on
these links reveals a complex network of interdependen-
cies, illustrating how changes in road wear can propa-
gate through the system and have effects on multiple
categories.

Firstly, road wear could lead to a subsequent need for
road maintenance. This relationship is characterised by a
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time lag, as road wear is not addressed continuously, but
only after a certain level of wear has been exceeded. On
the other hand, road maintenance acts as a countermeas-
ure to road wear (loop B7; for a detailed description of
the feedback loops see Appendix 8).

Beyond that, road wear could lead to a variety of fol-
low-up and rebound effects (e.g. loops B1-B6, R3/4). The
temporary restrictions on road capacity due to mainte-
nance work could lead to a shift or fluctuation in traffic
volume and might thus reduce the stress on the main-
tained road, at least temporarily, and delay the need for
structural adaptations of the road infrastructure. How-
ever, road works may also lead to more stress on alter-
native routes. Conversely, it can also be deduced that a
reduction in road wear through e.g. C-ITS services due to
the absence of road maintenance construction sites could
lead to more stable and - according to the current trend -
increasing traffic volumes, which might result in the need
to expand the road infrastructure. The result would be
higher road capacity after finishing the structural adap-
tions of the road infrastructure, and as a consequence
further increased traffic volume. But before that, road
works might be needed and road capacity is reduced with
the consequence of higher delay. A reduction in road
wear by the C-ITS service could thus reduce road works
for maintenance and resulting delays, but may have a
rebound effect, as increasing traffic volumes may require
the road infrastructure to be expanded, which again may
lead to road works.
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Lower traffic densities due to avoidance of construc-
tion works as a result of the C-ITS service could influence
the occurrence of both stop and go and acceleration and
deceleration maneuvers. Consequently, these improve
speed homogeneity, and subsequently feed back into
reducing the frequency and intensity of these maneu-
vers (loop R1 and R2). Furthermore, the number of lane
changes, a result of higher speed homogeneity, could
decrease the frequency of accidents, which results in
fewer restrictions on road capacity (loop R5).

The use of the C-ITS Service might not only decrease
delays and consequently congestion costs, but also has a
positive impact on driver satisfaction. Additionally, driver
comfort could be enhanced by the improved road surface
and the decreased frequency and intensity of acceleration
and deceleration maneuvers.

The complex relationships within the CLD further
illustrate the direct impact of reduced road wear on the
occurrence and consequences of accidents, as less road
damage decreases the risk of accidents. This in turn
might impact road capacity (loop B8/9). Additionally,
the effects of less road wear cascade further to influence
the number of fatalities, injuries and associated accident
costs, highlighting the wider safety implications of lower
road degradation.

Fuel consumption can be influenced by a decrease in
road wear and the potential lower number and inten-
sity of acceleration and deceleration maneuvers. Con-
sequently, emissions drop due to consuming less fuel
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and the decreaesd number of road works. However, the
potential increase in speed has a direct impact on reac-
tion distance, which in turn influences the minimum
safety distance that drivers must maintain between vehi-
cles, has a direct impact on air resistance, leads to higher
fuel consumption and therefore higher emissions.

On the one hand, the reduced road wear itself, as well
as the construction sites that might be saved as a result,
lead to less noise. On the other hand, both speed and
traffic volume remain at a high level, which are drivers
for high noise levels. The improvement or deterioration
in the noise level therefore depends on the actual ratio
between traffic and construction noise. The change in
noise levels, together with the potential decrease in emis-
sions as well injuries and fatalities, have public health
implications, affecting both the well-being of individuals
and the surrounding environment.

In addition, all variables that change due to decreased
road wear contribute in one way or another to various
cost factors. Decreased noise levels would lead to lower
noise costs, while decreased fuel consumption would lead
to lower fuel costs. Decreased emissions can contribute
to several factors, such as climate change costs, air pollu-
tion costs and habitat damage costs. However, a potential
need for structural adjustments to the road infrastructure
might counteract the savings in costs related to emis-
sions. All in all, these cost factors add up to a financial
burden and show how a reduction in road wear and tear
can affect the financial burden on society through a wide
variety of impacts, follow-up effects and rebound effects.

In summary, the analysis of interrelations presented
in the CLD illustrates the impacts that road degradation
creates within a traffic system, and demonstrates the far-
reaching impact propagation a C-ITS service developed
to reduce road wear could have. The effects of road wear
might go beyond surface degradation, affecting every-
thing from road maintenance and traffic behaviour to
emissions, noise pollution and financial burdens. Many
of the variables presented in the CLD are affected by
road wear not just once, but many times through multi-
ple pathways and feedback loops. Understanding these
complex effect structures of road wear reduction by
using C-ITS is essential for informed decision-making
and effective strategies to maintain infrastructure quality,
improve safety and optimise the efficiency and sustain-
ability of traffic networks.

Use case II: C-ITS service bundle

The baseline CLD can be used not only for individual
services but also for service bundles. Use Case II there-
fore investigates the impact of a combination of services
described in [73]. The C-ITS services Road Hazard Warn-
ing, Road Works Warning, Traffic Jam Ahead Warning
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and Shockwave Dampening are combined as a bundle.
A detailed description of the services can be found in
[73-76].

The described applications are warning and informa-
tion services that send messages to vehicles based on
certain events in order to increase driver alertness and
anticipation [77, 78]. Furthermore, congestion warnings
in particular often lead to route changes to avoid the con-
gestion, if this is possible, permitted and perceived ben-
eficial on an individual level.

Incorporating this C-ITS Service bundle into the
baseline CLD the model according to Fig. 11 emerges.

The increased use of the C-ITS bundle plays a crucial
role in improving driver anticipation. As a result, driv-
ers become better prepared to anticipate the respective
changes in the road environment, leading to a reduc-
tion in the number and strength of acceleration and
deceleration maneuvers. This yields a positive effect on
speed homogeneity, indicating a more harmonious traf-
fic flow pattern.

Moreover, by providing drivers with timely informa-
tion about potential disruptions, these features foster a
heightened state of alertness, which is, among others,
a critical determinant of reaction time. An alert driver
can process information more swiftly, recognise poten-
tial hazards earlier, and initiate appropriate responses
promptly. As a result, the decrease in reaction time can
contribute to higher speed homogeneity. Consequently,
the reduction in traffic speed variations through the use
of the C-ITS services might lead to a decrease in the
number of lane changes and thus a lower likelihood of
accidents. Furthermore, increased alertness facilitated
by these warning applications reduces the likelihood of
driving errors, which might also lead to a decrease in
the number of accidents. Additionally, driver alertness
can shape accident severity, which, alsongside the num-
ber of accidents, might influence the number of fatali-
ties, injuries, and the overall accident costs.

Similar to Use Case I, the impacts of the C-ITS Services
can extend to the broader context of traffic efficiency. The
potential reduction in the number of accidents can lead
to an increase in road capacity and thus to a reduction
in density. This congestion avoidance in turn might lead
to fewer stop-and-go and to fewer acceleration and decel-
eration maneuvers, which in turn reduces the probability
of accidents via follow-up effects (loop R5).

However, lower traffic density can also lead to higher
speeds, shorter travel times and thus less delay, which
would result in lower congestion costs and, at the same
time, higher driver satisfaction. As described in Use
Case I, driving comfort is essential for driver satisfac-
tion, which, in addition to road wear, is also influenced by
the frequency and intensity of braking and acceleration
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Fig. 11 CLD - Use Case ll

maneuvers and might therefore be increased by the use
of C-ITS services via consequential effects.

The delay influences the behaviour of road users in
terms of the choice of transport mode and route. At the
same time, traffic jam warnings in particular often lead
to route changes in order to avoid delays. Depending
on the general trend, this might either reduce or slow
down growth in traffic volume, which would again lead
to a set of follow-up effects. For example, a change in
traffic volume leads to a change in density, which in
turn triggers follow-up effects in loops B1 and B2.

However, the potential reduction or slowed down
increase in traffic volume does have an impact on the
progression of road wear, might result in a delay of
road maintenance, the number of road works, and
could contribute to the preservation of road capacity
(with follow-up effects via the B3/4 loop). In addition,
the lower road wear could also reduce the probability
of accidents, which in turn would have positive conse-
quential effects on the traffic flow via loop B8/9.

The potentially reduced road wear and the lower fre-
quency and intensity of acceleration and deceleration
as a result of using the C-ITS bundle can have a positive

Page 13 of 27

D Traffic Efficiency
[ Traffic Safety

[ Sustainability

D Psychological Impact
D Social Impact

u Economic Impact

effect on fuel consumption, which, together with a
reduction of road works and traffic volume, can lead to
lower emissions. Furthermore, the shortened reaction
time due to the increased alertness provided by C-ITS
services allows for a smaller safety distance between
vehicles, which reduces air drag and, as a result, leads
to a reduction in fuel consumption and emissions.

Similarly, noise levels can be influenced through the
use of C-ITS services via follow-up effects. Addition-
ally, changes in emissions and fatalities and injuries as a
result of reduced probability of (severe) accidents con-
tribute to public health.

Finally, the effects of the considered C-ITS service bun-
dle are reflected in the external costs of transport. Thus,
potential emission reductions would lead to a decrease in
the costs of habitat damage, costs of climate change and
air pollution costs. Overall, as outlined, the use of C-ITS
services also reduces the financial burden through vari-
ous follow-up effects.

In summary, the integration of the C-ITS service bun-
dle described has a wide range of effects on the traffic sys-
tem. These range from improving driver anticipation and
alertness, reducing acceleration and braking maneuvers,
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improving traffic flow, influencing ecological aspects, to
public health impacts and various financial factors. These
complex interactions emphasise the potential of these
advanced technologies for designing safer, more efficient
and sustainable transport systems.

4 Conclusion

In this paper, a CLD is presented that illustrates the inter-
relations, follow-up effects and rebound effects of C-ITS
service impacts. This approach allows for the incorpo-
ration of single or multiple C-ITS services as separate
modules, each with their own distinct connections to the
model’s variables. Consequently, the impact propagation
of these services across the overall system can be system-
atically analysed. These results contribute to answering
RQL.

Furthermore, illustrative examples of the use of the
CLDs and the analysis of C-ITS service (bundles) were
presented in the context of two use cases, demonstrating
the far-reaching impact propagation of such applications
in order to answer RQ2. Both examples, underscore the
intricate web of relationships within the traffic system, as
C-ITS services or service bundles influence a variety of
factors in multiple ways, ranging from driver behaviour
and traffic efficiency to environmental and socioeco-
nomic aspects. The results of the use case illustrations
highlight the need to consider dependencies and interac-
tions between individual C-ITS impact categories.

However, there are limitations to the approach
described. Thus, the system model only represents a par-
tial view of the overall traffic system. There may be vari-
ables not taken into account that that could potentially be
included in subsequent investigations, thereby introduc-
ing additional feedback loops and rebound effects. Fur-
thermore, while the general direction of influence within
the CLD can be reasonably inferred, precise quantifica-
tion of the results remains elusive. The use of CLDs alone
therefore does not allow an exact determination of the
magnitude of the impact. Nevertheless, the methodology
applied is particularly useful for identifying and estimat-
ing cascading and rebound effects of C-ITS solutions.
Consequently, this work aids researchers in developing
comprehensive impact assessment studies by consider-
ing and integrating the potential impact propagation and
rebound effects outlined in the CLD in advance. In order
to provide a quantitative assessment that includes both
the magnitude of the impact and the rebound effects,
future research can use the developed CLD as a basis for
the construction of Stock-Flow Models.

In summary, the findings of this research in terms
of the presented CLDs contribute to a comprehen-
sive impact assessment of C-ITS services, providing

Page 14 of 27

policy-makers and researchers with valuable insights to
advance the development and implementation of C-ITS.
The results of this work show that the effects of C-ITS are
on the one hand far-reaching and on the other hand not
necessarily unidirectional, but can lead to rebound effects
via consequential effects. By acknowledging the system
of interdependencies and reciprocities between impact
categories, this study offers a nuanced perspective on the
potential benefits and challenges associated with C-ITS.
The results of this work therefore represent another
important step towards a holistic impact assessment and
form the basis for designing future impact assessment
studies targeted towards the revealed interrelations.

Appendix A List of abbreviations

CCAM Cooperative Connected and Auto-
mated Mobility

C-ITS Cooperative Intelligent Transport
System

CLD Causal Loop Diagram

ICT Information and Communication
Technology

ITS Intelligent Transport System

V2l Vehicle-to-Infrastructure

2% Vehicle-to-Vehicle

V2Xx Vehicle-to-Everything

Appendix B Definition of variables and impact
categories

Accident Severity Accident severity refers to the extent of
harm, damage, or negative consequences resulting from
an accident or incident (injuries, fatalities, material dam-
age) (modified definition based on [56])

Accident costs External costs incurred due to traffic
accidents. These include human costs (e.g. estimation
of pain and suffering caused by accidents in monetary
value), medical costs (e.g. costs of the victim’s medical
treatment provided by hospitals, rehabilitation centres
and costs of appliances and medicines), administrative
costs (e.g. costs of the deployed emergency service, legal
costs and insurance costs), production losses (e.g. net
production losses due to reduced working time and
human capital replacement costs), material damages (e.g.
monetary value of damages to vehicles, infrastructure,
freight and personal property), and other costs, such as
costs of congestion, vehicle unavailability, funeral costs
etc. [70]
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Action time The time it takes to carry out an action (e.g.
moving a foot to the brake pedal) [25]

Action execution error Action execution errors refer to
the errors in maneuvering mechanical components of a
vehicle [29]

Action estimation error Action estimation means the
process of assessing the effects of the actions on the own
vehicle or of other vehicles. An estimation error describes
a misjudgement of these actions or the required strength
of one’s own action [29]

Air pollution costs External costs incurred due to air
pollution. These include health effects (e.g. medical treat-
ment cost and production loss due to higher risks of
respiratory and cardiovascular diseases), crop loss (e.g.
damage of agricultural crops due to acidic air pollutants),
material and building damage (e.g. pollution of building
surfaces as well as damage of building facades), and bio-
diversity loss (e.g. acidification of soil, precipitation and
water as well as eutrophication of ecosystems) [70]

Air drag Air drag is a force exerted by air (or in case
of drag any fluid) on an object moving through it. This
force opposes the motion of the object and is caused by
the interactions between the object and the molecules it
encounters [50]

Attractiveness of public transport Tendency of road
users to favour public transport over private transport for
a certain trip [own definition]

Climate change costs External costs associated with all
of the effects of global warming. These include (among
others) sea level rise, biodiversity loss, water manage-
ment issues, more frequent weather extremes and crop
failures. For road, rail, inland waterway and maritime
transport, the global warming impacts of transport are
mainly caused by CO, NoO and CHy [70]

Congestion costs External costs associated with delays
due to congestion. Congestion costs are defined as the
value of the travel time lost relative to a free-flow situa-
tion [70]

Cost of habitat damage External costs associated with
all of the effects on nature and landscapes. These include
habitat loss (e.g. due to required land for transport infra-
structure), habitat fragmentation (e.g. due to required
land for transport infrastructure and transport demand),
and habitat degradation (e.g. due to emission of air pol-
lutants) [70]

Critical density According to the fundamental dia-
gram of traffic flow, the critical traffic density refers to
the point at which a roadway or transportation network
reaches the maximum traffic flow. Beyond this density,
additional vehicles entering the system lead to reduced
traffic flow [24]

Decision time The time it takes to decide on how to
react to a situation [25]
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Delay The additional travel time required compared to
the travel time calculated on the basis of freeflow traffic
[own definition]

Density The traffic density is defined as the number of
vehicles on a road segment at a given time. It is measured
in the number of vehicles per unit of distance [22, 25]

Desired speed The desired speed describes the speed
that can be achieved under free-flow conditions (low-
density traffic). It depends, among other things, on the
actual desired speed of the drivers, physical limitations of
the possible attainable speed, speed limits and a drivers’
average speeding [25]

Driver satisfaction refers to the contentment, fulfill-
ment, and positive feelings experienced by individu-
als who are operating a vehicle. It encompasses factors
related to the driving experience that contribute to
the overall sense of well-being while on the road [own
definition]

Driver comfort refers to the level of physical well-
being experienced by a person while operating a vehicle
[own definition]

Driver anticipation refers to the proactive and for-
ward-thinking approach that a driver takes while oper-
ating a vehicle. It involves the ability to predict and
foresee potential hazards, changes in traffic conditions,
and the behavior of other road users [29]

Driver alertness Driver alertness refers to a state of
heightened attentiveness, and cognitive awareness
exhibited by a person who is operating a vehicle [own
definition]

Drivers’ average speeding The average tendency of
drivers to exceed the speed limits [25]

Ecological impact The impact category ecological
impact summarizes all ecological effects of C-ITS such
as fuel consumption, energy consumption, and air pol-
lution (e.g. emissions, particulate matter), but also fac-
tors regarding the transport infrastructure (e.g. road
wear, number of road works) [own definition]

Economic impact The impact category economic
impact includes the effects of the respective services on
costs for individuals or society in terms of externalized
costs of transport (e.g. costs of climate change, accident
costs, air pollution costs) [own definition]

Emissions Emissions refer to the pollutants and harm-
ful substances released into the environment as a result
of vehicular traffic (e.g. COy, CO, NO,, PM,, HC, VOC)
[46, 70]

Financial burden Financial burden refers to the
costs imposed on society (e.g. individuals, households,
organisations, etc.) [own definition]

Frequency of strong steering wheel movements The
number of significant or abrupt adjustments of
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the steering wheel while operating a vehicle [own
definition]

Fuel costs Fuel costs refer to the expences for purchas-
ing fuel to power vehicles [own definition]

Fuel consumption Fuel consumption refers to the
amount of fuel that a vehicle or engine uses over a spe-
cific distance or period of time [own definition]

In-line variation of lateral position In-line variation of
lateral position refers to the degree to which a vehicle
deviates from its intended straight-line path along a road
lane [own definition]

Maintained safety distance Safety distance refers to the
bumper-to-bumper distance maintained between vehi-
cles while in motion, in order to react to unexpected situ-
ations and avoid accidents [25]

Mental processing time The mental processing time
refers to the timespan between sensing a situation and
the decision on an action [25]

Minimum safety distance between vehicles The mini-
mum safety distance between vehicles describes the
minimum distance between vehicles where necessary
(abrupt) full stops would not result in an accident [25]

Noise level Noise level refers to the measurement of
sound intensity or volume in relation to road traffic (e.g.
by vehicles, inftrastructure, maintenance activities) [own
definition]

Noise costs External costs associated with traffic noise,
which subsume e.g. medical costs due to higher risks of
ischaemic heart diseases, strokes, dementia, hyperten-
sion and annoyance as well as costs for noise abatement
efforts (i.e. costs for building noise dampening walls) [70]

Number of stop and go movements The number of stop
and go movements refers to the count of instances where
a vehicle comes to a complete stop and then accelerates
to resume motion [own definition]

Number of road works The number of road works refers
to the count of construction, or maintenance activities
taking place on the transportation infrastructure [own
definition]

Number of overlooked traffic signs The number of over-
looked traffic signs refers to the count of instances where
drivers fail to notice or acknowledge the presence of road
traffic signs while driving [own definition]

Number of lane changes The number of lane changes
refers to the count of times a vehicle changes its position
from one lane to another while traveling on a road [own
definition]

Number of injuries The number of injuries refers to the
count of individuals who have sustained physical harm,
injury, or bodily damage as a result of an incident. In the
context of road accidents, this term indicates the total
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count of individuals who have been harmed or injured
due to collisions [own definition]

Number of fatalities The number of fatalities refers
to the count of individuals who have died as a result of
a particular incident. In the context of road accidents,
it indicates the total count of individuals who lost their
lives due to collisions [own definition]

Number of edge-line crossings The number of edge-line
crossings refers to the count of instances where a vehi-
cle’s tires or wheels cross the edge lines of a road or lane
[own definition]

Number of alternative routes taken The number of
alternative routes refers to the count of journeys deviat-
ing from the fastest route based on free flow travel time.
It encompasses shifts in route and mode choice, influ-
enced by factors like congestion avoidance and the con-
solidation of activities due to longer travel times [own
definition]

Number of accidents The number of accidents refers to
the count of incidents in which vehicles and people are
involved in collisions or other unfortunate events that
cause harm or disruption [own definition]

Number of acceleration and deceleration maneuvers
The number of acceleration and deceleration maneuvers
refers to the count of instances where a vehicle accel-
erates (increases its speed) or decelerates (reduces its
speed) [own definition]

Percentage of heavy duty vehicles The percentage of
heavy-duty vehicles refers to the proportion of all vehi-
cles on a road that fall into the category of heavy-duty
vehicles [own definition]

Perception time Perception time refers to the duration it
takes to organize sensed information [25]

Perception error Perception errors refer to measure-
ment errors for distance or speed of the vehicle in front
(29]

Physical limitations of the possible attainable speed
Physical limitations of the possible attainable speed refers
to the inherent constraints and boundaries that prevent
an object or vehicle from achieving higher speeds based
on the laws of physics and the design of the object itself.
(e.g. for trucks on uphill slopes, sharp curves) [25]

Precipitation Precipitation refers to any form of water,
liquid or solid, that falls from the atmosphere and reaches
the Earth’s surface [own definition]

Psychological impact The impact category psychologi-
cal impact comprises all indicators measuring the effect
that C-ITS can have on the mental and emotional states
of road users, such as cognitive, emotional, and behav-
ioural responses (e.g. alertness, reaction times, distrac-
tion) [own definition]
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Public health Public health refers to the health and
well-being of entire populations, communities, and soci-
eties [own definition]

Reaction time Reaction time is the time that elapses
from the recognition of a situation to the start of the nec-
essary corrective action [25]

Reaction distance Reaction distance refers to the dis-
tance a vehicle travels from the moment a driver per-
ceives a hazard or an unexpected situation to the moment
they begin to take evasive actions [25]

Road wear Road wear refers to the gradual deteriora-
tion or damage that occurs to road surfaces and infra-
structure over time due to the effects of traffic, weather,
and other factors [own definition]

Road maintenance Road maintenance refers to a set of
activities aimed at preserving, repairing, and ensuring
the safe and efficient condition of roads [own definition]

Road capacity Road capacity refers to the maximum
number of vehicles that a road or a specific lane can
accommodate without causing congestion or significant
decreases in travel speed [25]

Sensation time The time it takes to sense (see, hear etc.)
a specific situation [25]

Situation awareness time The time it takes to cogni-
tively process and understand a situation [25]

Social impact The impact category social impact
encompasses indicators referring to the effects of C-ITS
on individuals and communities (e.g. public health, com-
fort, financial burden) [own definition]

Socioeconomic impact The impact category socioeco-
nomic impact subsumes both categories social impact
and economic impact [own definition]

Speed Speed refers to the rate at which a vehicle moves
or travels over a certain distance within a specific time
interval [own definition]

Speed limits Speed limits refer to the legally estab-
lished maximum or minimum speeds at which vehicles
are allowed to travel on specific road segments [own
definition]

Speed homogeneity Speed homogeneity refers to the
uniformity of vehicle speeds among traffic participants.
In a speed-homogeneous traffic, the vehicles are traveling
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at similar speeds without significant variations [own
definition]

Strength of acceleration and deceleration maneuvers
The strength of acceleration and deceleration maneu-
vers refers to the intensity or force with which a vehicle
increases or decreases its speed [own definition]

Structural adaption of the road infrastructure Structural
adaptation of road infrastructure refers to modifications
made to the layout of the traffic infrastructure to enhance
road capacity [own definition]

Technical response time Technical response time refers
to the duration it takes for a vehicle component to react
and provide a desired response after receiving a stimulus
(25]

Traffic volume Traffic volume refers to the total num-
ber of vehicles travelling on a given road network [own
definition]

Traffic safety The impact category traffic safety encom-
passes all indicators used to describe the accident situa-
tion (e.g. type of accidents, number of accidents/injuries)
and indicators used to estimate the effects of C-ITS on
accident probability [own definition]

Traffic flow The flow of traffic is defined as the number
of vehicles that pass through a point in a unit of time [22]

Traffic efficiency The impact category traffic efficiency
subsumes all indicators describing the way in which dif-
ferent (groups of) entities move within a transportation
system (e.g. speed, acceleration, travel time, traffic flow,
number of lane changes, transport mode, route choice)
[own definition]

Travel time The travel time refers to the amount of time
it takes to travel between two specific points or locations
[own definition]

Vehicle type homogeneity Vehicle type homogeneity
refers to the similarity or uniformity of the types of vehi-
cles present within traffic [own definition]

Appendix C CLD-variables
See Appendix Tables 1, 2
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Table 1 Cause-Effect Relations
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Cause-effect relation

Evidence discussed

Accident Costs = Financial Burden

Accident Severity = Accident Costs
Accident Severity X Number of Fatalities

Accident Severity X Number of Injuries

Action Estimation Error — Speed Homogeneity

Action Execution Error — Speed Homogeneity

Action Time 2> Reaction Time
Air Drag X Fuel Consumption

Air Pollution Costs <5 Financial Burden

Attractiveness of Public Transport — Traffic Volume

Climate Change Costs 2 Financial Burden
Congestion Costs 2 Financial Burden

Costs of Habitat Damage 2 Financial Burden
Critical Densityi> Speed

o+ R
Decision Time — Mental Processing Time

Delay — Driver Satisfaction

Delay X Congestion Costs

+(with time

Delay 199) Attractiveness of Public

Transport

ith time | )
Delay Hwith time 199, Number of Alternative Routes
taken

Density — Speed

Density X Number of Stop and Go Movements

Density X Traffic Flow

Desired Speed X Speed

Distance Perception Error — Speed Homogeneity
Driver Alertness — Accident Severity

Driver Alertness — Frequency of Strong Steering
Wheel Movements

Driver Alertness — In-Line Variation of Lateral
Position

Driver Alertness — Number of Edge-Line Crossings

The more accident costs accumulate, the greater the economic strain placed on society.
Accidents with higher severity levels tend to result in higher financial expenses due to the more
extensive injuries and property damage involved (e.g. higher material damages) [70].

Accidents with higher severity levels are more likely to result in fatalities due to the greater extent
of injuries and potential life-threatening circumstances [56, 57].

Accidents with higher severity levels are more likely to result in a greater number of injuries [56,
571.

When drivers make errors in estimating the appropriate level of acceleration or deceleration,
speed variations in traffic tend to increase [29].

When drivers make errors in executing the appropriate level of acceleration or deceleration, speed
variations in traffic tend to increase [29].

When drivers take longer to carry out planned actions, they also take longer to react to unex-
pected events or hazards that require immediate responses [25, 37].

When a vehicle experiences higher air drag due to increased speed or less aerodynamic design, it
requires more energy (fuel) to overcome the resistance and maintain its speed [25, 49-51].

The more air pollution costs accumulate, the greater the economic strain placed on society.
When public transportation becomes more appealing and convenient, more individuals may

choose to use public transport instead of private vehicles, resulting in fewer vehicles on the road
[26-28].

The more climate change costs accumulate, the greater the economic strain placed on society.
The more congestion costs accumulate, the greater the economic strain placed on society.

The more costs of habitat damage accumulate, the greater the economic strain placed on society.
The higher the critical density, the higher speeds can be driven for a given traffic density [24].
When drivers take longer to make decisions, it also takes them longer to mentally process

the information, evaluate choices, and formulate an appropriate response [25, 371.

When drivers experience longer delays and slower travel speeds, their satisfaction with the travel
experience tends to decrease [64].

As delays accumulate and traffic congestion worsens, the associated economic costs also increase
due to factors such and lost productivity and value of time [70].

When people experience longer delay times using private vehicles due to congestion or other fac-
tors, they may be more inclined to consider and adopt public transportation options as an alterna-
tive [26-28].

As commuters experience longer delays due to congestion or other factors, they may gradually
start exploring and adopting alternative routes that are perceived to be faster or less congested
[26-28].

According to the fundamental diagram, an increase in traffic density results in an increase of speed
(see Equation 2) [22].

The number of stop and go movements increases in unstable (congested) traffic conditions.
Therefore, an increase in density leads to an increase in the number of stop and go movements
[29].

According to the fundamental diagram, an increase in traffic density results in a decrease of traffic
flow (see Equation 3) [22].

When drivers desire to travel at a certain speed, they may accelerate or decelerate their vehicles
to achieve that speed [25].

When drivers make errors in estimating the disctance between vehicles, they might need to take
corrective actions, thus speed variations in traffic tend to increase [29].

When drivers are more alert and attentive, they are better equipped to perceive and respond
to potential hazards, thereby reducing the likelihood of accidents and their associated severity [43].

When drivers are alert and attentive, they make fewer forceful and abrupt steering corrections,
as they are more focused [40, 41].

When drivers are alert and attentive, their in-line driving trajectoy varies less as they are more
focused [40, 41].

When drivers are alert and attentive, they make fewer edge-line crossings, as they are more
focused [40, 41].
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Cause-effect relation

Evidence discussed

Driver Alertness — Number of Overlooked Traffic
Signs

Driver Alertness — Reaction Time

Driver Anticipation — Number of Acceleration
and Deceleration Maneuvers

Driver Anticipation — Strength of Acceleration
and Deceleration Maneuvers

Driver Comfort 2 Driver Satisfaction

Drivers’ Average Speeding 2 Accident Severity

Drivers' Average Speeding 2 Desired Speed

Drivers' Average Speeding X Number of Accidents

Emissions — Public Health

+(with time

Emissions 199, Air Pollution Costs

+(with time lag)
_—

Emissions Climate Change Costs

- ith time | )
Emissions - ¢ 199 ot of Habitat Damage

Frequency of Strong Steering Wheel Movements
5 Number of Accidents

N

Fuel Consumption — Emissions
L+

Fuel Consumption — Fuel Costs

Fuel Costs = Financial Burden

In-Line Variation of Lateral Position X Number
of Accidents

Maintained Safety Distance — Number of Acci-
dents

Mental Processing Time 2 Reaction Time

Minimum Safety Distance between Vehicles 5
Air Drag

Noise Costs —> Financial Burden

Noise Level — Public Health

+(with time lag)
_—

Noise Level Noise Costs

Number of Acceleration and Deceleration Maneu-
vers — Speed Homogeneity

Number of Acceleration and Deceleration Maneu-
vers — Driver Comfort

When drivers are alert and attentive, they overlook fewer traffic signs, as they are more focused [40,
411,

When drivers are alert and attentive, their cognitive processes are faster and more efficient, result-
ing in quicker reactions to any situation [40].

When drivers anticipate road conditions and the actions of other road users effectively, they are
more likely to adjust their driving behaviors proactively, avoiding the need for frequent speed
changes [29].

When drivers anticipate road conditions and the actions of other road users effectively, they are
more likely to adjust their driving behaviors proactively, resulting in smoother and more controlled
changes in acceleration and deceleration [29].

When drivers experience a higher level of comfort while driving, they are more likely to be satisfied
with their travel experience [69].

When drivers consistently exceed speed limits or engage in unsafe speeding behavior, the likeli-
hood of accidents occurring at higher speeds increases. Higher-speed accidents are often associ-
ated with more severe injuries and damage [43].

When drivers engage in speeding behavior, it may influence their perception of what constitutes
an acceptable or appropriate driving speed, leading them to desire higher speeds [25].

When drivers consistently exceed speed limits or engage in unsafe speeding behavior, the likeli-
hood of accidents occurring increases [43].

Higher levels of emissions and air pollutants can negatively affect air quality and environmental
conditions, which, in turn, can have adverse effects on public health, including respiratory prob-
lems, cardiovascular issues, and other health-related concerns [54, 55].

Higher levels of emissions contribute to increased air pollution, which, over time, results in various
costs regarding health, crop loss, material and building damage and biodiversity loss [70].

Higher levels of emissions contribute to increased or accelerated climate change, which, over time,
results in various costs as a result of sea level rise, biodiversity loss, water management issues
and more frequent weather extremes [70].

Higher levels of emissions contribute to increased habitat damage, which, over time, results in vari-
ous costs regarding habitat loss, fragmentation and degradation [70].

When drivers frequently need to make sudden and abrupt steering maneuvers, it suggests
that they are encountering hazardous situations that can result in collisions or accidents. Similarly,
these abrupt driving maneuvers can also lead to accidents [40, 41].

When vehicles burn more fuel, they produce a greater amount of pollutants and harmful sub-
stances as byproducts of combustion [46].

When vehicles or machines burn more fuel, the associated expenses for purchasing that fuel
also increase.

The more fuel costs accumulate, the greater the economic strain placed on society.

When there is greater lateral movement within a lane, it suggests unstable or unpredictable driv-
ing behavior, increasing the likelihood of collisions and accidents [40, 41].

When drivers maintain a greater distance from the vehicle ahead, they have more reaction time
and space to respond to sudden changes in traffic conditions, reducing the likelihood of rear-end
collisions and other accidents [42].

When drivers take longer to mentally process current situations, they also take longer to react
to unexpected events or hazards that require immediate responses [25, 37].

When drivers maintain a larger gap between their vehicle and the vehicle ahead, it can result
in reduced aerodynamic efficiency due to increased air resistance [49-51].

The more noise costs accumulate, the greater the economic strain placed on society.

Higher noise levels can have negative effects on public health, including increased stress, sleep
disturbances, and potential negative impacts on cardiovascular and mental health [54, 58].

Higher noise levels contribute to increased noise costs, such as medical costs due to higher risks
of ischaemic heart diseases, strokes, dementia, hypertension and annoyance as well as costs
for noise abatement efforts (i.e. costs for building noise dampening walls) [70].

When drivers frequently engage in abrupt speed changes, it can disrupt the overall flow of traffic
and lead to speed differences among vehicles [31].

When drivers frequently experience abrupt speed changes due to rapid accelerations and decel-
erations, it can lead to a less comfortable driving experience, potentially causing stress, fatigue,
and discomfort [65-67].
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Cause-effect relation
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Number of Acceleration and Deceleration Maneu-
+ )
vers — Fuel Consumption

Number of Accidents — Road Capacity

Nurnber of Accidents &> Accident Costs
Nurber of Accidents = Number of Fatalities

Number of Accidents < Number of Injuries

Number of Alternative Routes taken — Traffic
Volume

Number of Edge-Line Crossings X Number
of Accidents
Number of Fatalities — Public Health

Number of Injuries — Public Health

Number of Injuries 2 Accident Costs
Number of Lane Changes 2 Number of Accidents
Number of Overlooked Traffic Signs X Number

of Accidents
Number of Road Works — Road Capacity

Number of Road Works %5 Emissions

Number of Road Works &> Noise Level

Number of Stop and Go Movements X Number
Acceleration and Deceleration Maneuvers

Percentage of Heavy Duty Vehicles X Emissions
Percentage of Heavy Duty Vehicles £ Noise level
Percentage of Heavy Duty Vehicles 2 Road Wear

Perception Time % Mental Processing Time

Physical Limitations of the Possible Attainable
Speed — Desired Speed

Precipitation & Accident Severity

Precipitation 2 Number of Accidents

When drivers frequently engage in abrupt speed changes, it results in more energy being
expended to accelerate and decelerate the vehicle, ultimately leading to higher fuel consumption
[25].

When accidents occur frequently on a road, it can result in lane closures, road closures,
and the need for traffic management measures. This, in turn, reduces the effective capacity
of the road [44].

When the frequency of accidents rises, it results in higher expenses related to addressing the con-
sequences of those accidents [70].

When accidents occur more frequently, it increases the likelihood of fatalities, resulting in a higher
count of lives lost [42, 56, 57].

When accidents occur more frequently, it increases the likelihood of people sustaining injuries,
resulting in a higher count of individuals harmed [42, 56, 571.

When more drivers choose alternative routes, it reduces the number of vehicles on the main route,
thereby decreasing the overall traffic volume on the main route [26-28].

When vehicles cross the edge lines of the road frequently, it increases the risk of collisions, side-
swipes, and other accidents [40, 41].

When fatalities occur due to accidents, it has negative impacts on the health and well-being
of individuals and the community [54].

When injuries occur due to accidents, it has negative impacts on the health and well-being of indi-
viduals and the community [40, 41].

An increased number of injuries results in higher financial expenses due to higher medical costs
[70].

When drivers change lanes frequently, it increases the complexity of traffic interactions
and the potential for collisions and accidents [42].

When drivers overlook traffic regulations, it increases the likelihood of unsafe behaviors, decreases
predictability, and heightens the risk of collisions and accidents [40, 41].

When road works are ongoing, it often involves lane closures, detours, or reduced traffic flow due
to construction activities. These disruptions can lead to decreased effective road capacity dur-
ing the road works [30].

When road works are ongoing, traffic may be diverted or slowed down, leading to idling vehicles
and stop-and-go traffic. These conditions can result in higher emissions of pollutants and green-

house gases. Furthermore, construction sites per se (material deliveries, operation of construction
site equipment, etc.) contribute to higher emissions [46].

When road works are ongoing, construction equipment, machinery, and other activities generate
noise, contributing to higher overall noise levels in the surrounding area [63].

When traffic conditions result in frequent stop and go movements, drivers have to frequently
accelerate and decelerate to adjust to changing speeds and conditions [30].

When the proportion of heavy-duty vehicles on the road is higher, it can contribute to higher
emissions of pollutants and greenhouse gases due to the typically larger engines and higher fuel
consumption of these vehicles [52, 53].

When the proportion of heavy-duty vehicles on the road is higher, it can contribute to higher
overall noise levels due to the noise generated by their engines, braking systems, and other opera-
tions [59].

When the proportion of heavy-duty vehicles on the road is higher, it can result in greater wear
and tear on the road infrastructure due to their larger size and weight compared to passenger
vehicles [47, 48].

When drivers take longer to perceive a situation, it also takes them longer to mentally process
the information, evaluate choices, and formulate an appropriate response [25, 37].

When the physical limitations of a vehicle or road conditions restrict how fast a vehicle can (safely)
travel, drivers may need to adjust their desired speed to match the feasible and (safe) speed [25].

When precipitation occurs, road surfaces can become slippery and visibility can be reduced,
increasing the likelihood of accidents. These adverse conditions can lead to accidents with more
severe outcomes in terms of damage and injuries [43].

When precipitation occurs, road surfaces can become slippery, visibility can be reduced,
and overall driving conditions can become more challenging. These adverse conditions can lead
to an increase in the likelihood of accidents [42, 43].
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Precipitation 2 Sensation Time

Reaction Time — Speed Homogeneity

Reaction Distance - Minimum Safety Distance
between Vehicles

Reaction Time & Reaction Distance
Road Capacity — Density

—(with time

) I
Road Maintenance °9) Road Wear

Road Maintenance & Number of Road Works

Road Wear — Driver Comfort

Road V\/earw Road Maintenance
Road Wear > Fuel Consumption

Road Wear > Noise level

Road Wear = Number of Accidents

Sensation Time - Mental Processing Time

N L+ )
Situation Awareness Time — Mental Processing
Time

Speed — Travel Time

Speed = Air Drag

Speed 2 Noise level
Speed 2 Reaction Distance

Speed X Traffic Flow

Speed Homogeneity — Number Acceleration
and Deceleration Maneuvers

Speed Homogeneity — Strength of Acceleration
and Deceleration Maneuvers

Speed Homogeneity — Number of Lane Changes

Speed Limit 2 Desired Speed

Strength of Acceleration and Deceleration Maneu-
vers — Speed Homogeneity

Strength of Acceleration and Deceleration Maneu-
vers — Driver Comfort

Strength of Acceleration and Deceleration Maneu-
vers % Fuel Consumption

Precipitation can influence the sensation time of drivers by reducing visibility, leading to a height-
ened sensory load and potentially slower response to stimuli [38, 39].

When the driver’s reaction time is longer, driving maneuvers, such as speed adjustment, will be
delayed, resulting in a higher decrease of speed homogeneity [25, 35, 36].

When a driver’s reaction distance is longer, it requires more space between vehicles to allow
for safe following distances [25].

When a driver takes longer to react to a stimulus, the vehicle continues to move forward
before the driver can begin to slow down or take other evasive actions [25].

When the road capacity is increased, it allows more vehicles to travel on the road without becom-
ing congested, which can lead to lower traffic density [25].

When road maintenance activities are performed, road damages are repaired. The impact of road
maintenance will lead to a reduction in wear and tear.

When road maintenance efforts are intensified, it results in more repair projects being undertaken
(46].

As roads become more worn and degraded, the driving experience can become less comfort-
able due to factors such as uneven road surfaces, increased vibrations, and potential discomfort
from road irregularities [45, 68].

As roads experience more wear and deterioration, it triggers a need for increased maintenance
activities to address the damage. However, there might be a time delay before maintenance
efforts are fully implemented [46].

As road surfaces become more worn and degraded, vehicles may experience increased rolling
resistance and potentially uneven surfaces. This can result in vehicles needing to exert more
energy (and thus, more fuel) to maintain their speed [45, 46].

As roads become more worn and degraded, the interaction between tires and the road surface
can generate more noise, contributing to higher noise levels in the surrounding environment [45,
60].

As roads become more worn and degraded, they can contribute to deteriorated road surfaces,
reduced traction, and potentially hazardous driving conditions. These adverse conditions can lead
to an increase in the likelihood of accidents occurring [45].

When drivers take longer to sense a situation, it also takes them longer to mentally process
the information, evaluate choices, and formulate an appropriate response [25, 37].

When drivers take longer to understand a situation, it also takes them longer to mentally process
the information, evaluate choices, and formulate an appropriate response [25, 37].

When a vehicle travels at a higher speed, it covers a distance in less time, resulting in a shorter
travel time [22].

As the speed of a vehicle increases, the resistance generated by air drag also increases [25, 51].

As vehicles travel at higher speeds, they generate more noise due to increased engine activity, tire-
road interaction, and aerodynamic effects [59, 61].

When a vehicle is traveling at higher speeds, it covers more distance while the driver is reacting
to a stimulus, compared to when the vehicle is traveling at lower speeds [25].

According to the fundamental diagram, an increase in traffic speed results in an increase of traffic
flow (see Equation 3) [22].

When vehicles are moving at more consistent speeds, there is less need for changes in accelera-
tion or deceleration [31].

When vehicles are moving at more consistent speeds, there is less need for extreme or abrupt
changes in acceleration or deceleration [25, 32].

When vehicles are moving at more consistent speeds, there is less need for drivers to change lanes
frequently to avoid slower-moving vehicles or to find gaps in traffic [62].

When the legal speed limit is higher, drivers may feel more inclined to travel at a faster pace,
as they perceive they have more leeway to do so without breaking the law [25].

Stronger acceleration and deceleration maneuvers due to high speed variation lead to a decrease
in speed homogeneity [25, 32].

When drivers perform more aggressive acceleration and deceleration maneuvers, it can lead

to discomfort and a less pleasant driving experience [65-67].

When drivers perform aggressive maneuvers that require frequent and rapid changes in speed, it
can result in more fuel being consumed to power the vehicle [25].
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Structural Adaption of the Road Infrastructure X
Cost of Habitat Damage

Structural Adaption of the Road Infrastructure X
Number of Road Works

Structural Adaption of the Road Infrastructure x
Road Capacity

Technical Response Time 2 Reaction Time

Traffic Volume ~> Density

+(with time la
Traffic Volume - 0 199),

of the Road Infrastructure

Structural Adaption

+ o

Traffic Volume — Emissions
+ o

Traffic Volume — Noise level
+

Traffic Volume — Road Wear

L+
Travel Time — Delay

Vehicle Type Homogeneity X Speed Homogene-
ity

Increased structural adaptions of the road infrastructure contribute to increased habitat damage,
which, results in various costs regarding habitat loss, fragmentation and degradation [70].

A need for road infrastructure adaptations results in an increase in road works.

As road infrastructure is improved and expanded, it can result in higher road capacity, allowing
more vehicles to travel on the road without excessive congestion [26-28].

When a vehicle’s response systems take longer to react to driver inputs or external events, it can
lead to a delayed reaction time on the part of the driver [25].
As more vehicles are added to the road, the density of vehicles within a given space increases [22].

As traffic volume increases over time, there is a subsequent need for road infrastructure to be
adapted and expanded to accommodate the growing traffic demands [26-28].

As traffic volume grows and more vehicles are on the road, there is an associated increase
in the emissions generated by those vehicles [53].

As traffic volume grows and more vehicles are on the road, the overall noise generated by vehicle
engines, tires, and road interactions also increases [62].

As traffic volume grows and more vehicles travel on the road, it results in increased stress
on the road surface and infrastructure, contributing to accelerated wear and deterioration [47].

As travel time grows longer, individuals experience more delays in reaching their destinations,
often due to traffic congestion or unforeseen circumstances.

When there is greater uniformity in the types of vehicles on the road, it can contribute to smoother
traffic flow and more consistent speeds among vehicles [33, 34].

Appendix D CLD-feedback loops

Table 2 Cause-Effect Loops

Loop Cause-effect relation Evidence discussed
B1 Traffic Volume > Density = Speed — Travel This feedback loop illustrates the complex rela-
) + +(with time lag) tionship between traffic volume, density, speed,
Tlme — Delay - Number of Alterna- travel time, delay, and route choices. As traffic
tive Routes taken — Traffic Volume volume increases, it leads to congestion, slower
speeds, and longer travel times and delays. Drivers
may then choose alternative routes to avoid these
delays. The decrease in traffic volume on the con-
gested route improves traffic flow, speeds, travel
times, and delays, making the initial route more
attractive again [22, 26, 27].
B2 Traffic Volume > Density = Speed — Travel This feedback loop illustrates the complex

interplay between traffic volume, density, speed,
travel time, delay, and the attractiveness of public
transport. As traffic volume increases, it can lead
to congestion, slower speeds, longer travel times,
and longer delays. If public transport becomes
more appealing due to these factors, some com-
muters may shift to using public transport, which
could lead to reduced traffic volume and conges-
tion on the roads [22, 26-28].

) h ti )
Time Delay M Attractiveness
of Public Transport — Traffic Volume
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Loop Cause-effect relation Evidence discussed
B3 Traffic Volume W/ tme iag) oo iral Adap- T_his feedback loop illustrates the ihterdependen—
) + cies between traffic volume, road infrastructure
tion of the Road Infrastructure — Number adaptation and extension, road works, road capac-
of Road Works — Road Capacity — Density = ity density, speed, travel time, delays, and route
Speed — Travel Time & Delayw choices. A steady increase in traffic volume
Number of alternative Routes taken — Traffic may lead to a need in structural adaptations
Volume of the road infrastructure to cope with the increas-
ing number of vehicles, which in turn causes
temporary reductions in road capacity due
to the needed road works. This, however, results
in congestion, longer travel times, and longer
delays, prompting drivers to seek alternative
routes, temporarily reducing traffic volume [22,
25-28, 30].
B4 Traffic Volume S/ me iag) oot iral Adap- This feedback loop illustrates Fhe interplay
) + between traffic volume, road infrastructure adap-
tion of the Roaci\nfrastructure —>l\lumber _ tation and extension, road works, road capacity,
of Road Works — Road Capacity — Density = density, speed, travel time, delay, and the attrac-
Speed — Travel Time ry Delayw tiveness of public transport. A steady increase
Attractiveness of Public Transport — Traffic in traffic volume may lead to a need in structural
Volume adaptations of the road infrastructure to cope
with the increasing number of vehicles, which
in turn causes temporary reductions in road
capacity due to the needed road works. This
can result in congestion, longer travel times,
and longer delays, prompting more drivers
to switch to public transport, temporarily reducing
traffic volume [22, 25-28, 30].
B5 Traffic Volume = Road Wear £®ith time lag) o - 4 This feedback loop highlights the interconngcted
Maintenance E Number of Road Works = Road nature of traffic volume, road wear, roaq mainte-
- o < ] nance, road works, road capacity, density, speed,
(Jﬁrapacny :’(Veri'?us_r'ga—)’ Speed — Travel Time travel time, delay, and route choices. An increase
— Delay 9, Number of alternative in traffic volume can contribute to road wear,
Routes taken — Traffic Volume leading to maintenance efforts and increased road
works, which in turn causes temporary reductions
in road capacity. This, however, results in con-
gestion, longer travel times, and longer delays,
prompting drivers to seek alternative routes,
temporarily reducing traffic volume [22, 25-28,
30, 46, 47].
B6 Traffic Volume s Road Wear &t time lag) o - 4 This feedback loop highlights the interconngcted
) + _ nature of traffic volume, road wear, road mainte-
Maintenance — Number of Road Works — Road  3nce. road works, road capacity, density, speed,
Capacity — Density — Speed — Travel Time travel time, delay, and route choices. An increase
+ +(with time lag) . . : :
=5 Delay - 7 Attractiveness of Public  in traffic volume can contribute to road wear,
Transport — Traffic Volume leading to maintenance efforts and increased road
works, which in turn causes temporary reductions
in road capacity. This can result in congestion,
longer travel times, and longer delays, prompt-
ing more drivers to switch to public transport,
temporarily reducing traffic volume [22, 25-28,
30, 46, 47].
B7 Road Wear +(with time lag) Road Maintenance This feedback loop emphasi;es the cyclical
—(with time nature of road wear and maintenance. It show-

199) Road Wear

cases how maintenance efforts are activated

in response to increasing road wear, which,

in turn, leads to decreased road wear as the road
surface is restored [46].
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Loop

Cause-effect relation

Evidence discussed

B8

B9

R1

R2

R3

Traffic Volume X Road Wear X Number of Acci-
dents — Road Capacity — Density — Speed

= Travel Time 5 Delay +(th ime 199 Number
of alternative Routes taken — Traffic Volume

Traffic Volume 2 Road V\/_eari> Number of Acci-
dents — Road Capacity — Density — Speed —

. + ith time I .
Travel Time — Delay Hwith time 199), attractive-

ness of Public Transport — Traffic Volume

Speed Homogeneity — Number of Accelera-
tion and Deceleration Maneuvers — Speed
Homogeneity

Speed Homogeneity — Strength of Accelera-
tion and Deceleration Maneuvers — Speed
Homogeneity

Hwith time lag) Structural Adap-

~+(with time lag)
_—

Traffic Volume
tion of the Road Infrastructure
Road Capacity — Density — Speed — Travel

) ith time I
Time % Delay +with tme 199), N umber of Alterna-
tive Routes taken — Traffic Volume

This feedback loop emphasises the interaction
between traffic volume, road wear, accidents,
road capacity, density, speed, travel time, delay
and route choice. It shows how an increase

in traffic can lead to road wear, which can then
contribute to accidents, which in turn leads

to a temporary reduction in road capacity. How-
ever, this leads to congestion, longer travel times,
and longer delays, causing drivers to seek alterna-
tive routes, which temporarily reduces traffic [22,
25-28,44,45,47].

This feedback loop emphasises the interaction
between traffic volume, road wear, accidents,
road capacity, density, speed, travel time, delay,
and route choice. It shows how an increase

in traffic can lead to road wear, which can then
contribute to accidents, which in turn leads

to a temporary reduction in road capacity.
However, this leads to congestion, longer travel
times, and longer delays, causing drivers to switch
to public transport, which temporarily reduces
traffic [22, 25-28, 44, 45, 47].

When speed homogeneity decreases, road users
have to adapt their driving behaviour. More
frequent braking and acceleration maneuvers are
the necessary consequence in order to compen-
sate for the speed variations in traffic and to avoid
critical situations. However, the increased number
of acceleration and deceleration maneuvers leads
to a further increase in speed variation in the over-
all traffic, which in turn leads to a higher number
of speed adjustments [31].

When speed homogeneity decreases, road users
have to adapt their driving behaviour. Stronger
braking and acceleration maneuvers are the nec-
essary consequence in order to compensate

for the speed variations in traffic and to avoid criti-
cal situations. However, the increased maneuver-
ing intensity leads to a further increase in speed
variation in the overall traffic, which in turn leads
to a higher number of speed adjustments [25, 32].

This feedback loop highlights how increases

in traffic volume and attempted fixes in the form
of infrastructure adaptations can fail with regard
to traffic flow improvements. An initial increase
in traffic volume leads to congestion and chal-
lenges the existing road infrastructure’s capacity.
As authorities respond by adapting the road
infrastructure, road capacity increases, leading
to reduced density, improved traffic flow as well
as speeds, travel times and delays. Faster speeds,
shorter travel times and less delays can make
the route more attractive to drivers who would
normally use alternative routes, attracting more
drivers and increasing traffic even further [22,
25-28].
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R4 Road Capacity — Density — Speed — Travel This feedback loop highlights how increases
Time 5 Delay +(with time 109) 4o ctive- in Frafﬁc volume and attgmpted ﬁxgs in the form
ness of Public Transport — Traffic Volume of |nfrastructulre adaptations can 4fa'||‘vv\'th regard
S (with time lag) i to traffic flow improvements. An initial increase
Structural Adaption of the Road iy traffic volume leads to congestion and chal-
Infrastructure - 1€ 90), poag Capacity lenges the existing road infrastructure’s capacity.
As authorities respond by adapting the road
infrastructure, road capacity increases, leading
to reduced density, improved traffic flow as well
as speeds, travel times and delays. Faster speeds,
shorter travel times and less delays can make
the route more attractive to road users who nor-
mally use public transport, attracting more drivers
and increasing traffic volumes even further[22,
25-28].
R5 Density X Number of Stop and Go Movements This feedback loop illustrates how changes in traf-

X Number of Acceleration and Deceleration
Maneuvers — Speed Homogeneity — Number
of Lange Changes X Number of Accidents =
Road Capacity — Density

fic density by e.g. increasing traffic volumes can
influence aspects of traffic behavior and safety.
An increase in density can lead to more stop-and-
go movements, acceleration and deceleration
maneuvers, and disruptions in traffic flow. These
disruptions result in decreased speed homo-
geneity and an increase in the number of lane
changes, which raises the probability and number
of accidents. Consequently, accidents reduce road
capacity and lead to further increases in traffic
density [25,29-31,42, 44, 62]
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